Purpose: We assessed the improved motion-sensitized driven equilibrium (iMSDE) technique for multiple contrast 3-dimensional vessel wall imaging at 3T.
Introduction
Carotid atherosclerotic plaque is a well known major risk factor for cerebral infarction. Recent studies using magnetic resonance (MR) imaging have shown association of risk of clinical event with structure and composition of plaque.
1,2 Thus, accurate diagnostic imaging of plaque for detection and characterization of atherosclerotic disease is useful for improving patient management.
Multiple contrast imaging of vessel walls with MR imaging in the carotid artery is well established for assessing various plaque compositions. [2] [3] [4] Fibrous cap, lipid-rich necrotic core, and intraplaque hemorrhage can be distinguished by studying the signal pattern of plaque on images acquired by T 1 -(T 1 W) and T 2 -weighted (T 2 W) imaging.
Vessel wall imaging requires the use of a blood signal suppression technique. This is most commonly achieved using double inversion-recovery preparation followed by 2-dimensional (2D) turbo spin-echo (DIR-TSE) readout. This approach generally provides excellent image contrast and signalto-noise ratio (SNR). However, one major drawback of this sequence compared to the latest fast acquisition techniques is a relatively long scan time, which limits the number of slices and thus limits anatomical coverage in clinical practice.
To overcome this issue, motion-sensitized driven equilibrium (MSDE) was recently proposed for fast vessel wall imaging with accurate blood signal suppression.
5 -8 MSDE was combined with 3-dimensional (3D) steady-state free precession sequence and demonstrated better blood signal suppression and wider anatomical coverage than the DIR-TSE approach. 7, 8 These features make this technique promising for vessel wall screening. However, an-other important demand for vessel wall applications is, as mentioned, acquisition of multiple contrasts for plaque depiction and characterization. The contrast behavior of the MSDE-prepared 3D gradient echo sequences has not been assessed. Therefore, the purpose of this study was to optimize the MSDE-prepared 3D gradient echo sequence for T 1 W and T 2 W dual-contrast acquisitions.
Materials and Methods
We examined 5 healthy adult subjects (mean age 27 years) after obtaining their informed consent as required by our institutional review board. All images were acquired with imaging volumes centered on the carotid bifurcation without physiological triggering. A 16-channel receiver-only neurovascular coil covering the entire brain and neck area was used.
MSDE sequences for T 1 W and T 2 W
The MSDE technique was implemented on a 3-tesla scanner (Achieva R2, Philips Healthcare, Tokyo, Japan). We combined it with a T 2 -weighted magnetization-prepared (T 2 Prep) sequence module with MLEV excitation pattern 5 to reduce B 0 and B 1 inhomogeneity effects, which yielded what we have termed improved MSDE (iMSDE). Figure 1 shows the iMSDE sequence, two 180°MLEV or opposing phase pairs scheme refocusing pulses with each pulse sandwiched by bipolar motionsensitizing gradients. All the refocusing pulses were implemented as composite pulses (90x-180y-90x). An additional bipolar gradient was inserted in front of the sequence for further eddy current compensation. 9 Contrast adjustments with this technique were archived by changing the iMSDE preparation duration and shot interval. For instance, preparation must be kept short enough for T 1 W to prevent T 2 decay but long enough for T 2 W to induce appropriate signal differences among tissues. Preparation duration was set to the shortest value achievable in the present apparatus, 15.2 ms for T 1 W and 40 ms for T 2 W. The sequence repetition time (TR) was set at the shorter value 800 ms for T 1 W to enhance the difference in T 1 recovery among tissues and at the longer 1800 ms for T 2 W. These sequence parameters were optimized for clinical image quality by an MR scientist and technologist (M.O., M.H.)
The desired blood signal attenuation originates from the phase shift of flowing spins caused by the motion-sensitized gradients in MSDE. This phase shift can be described in first order approximation by ¤ = £m 1 v, where £ is the gyromagnetic constant, v is the spin velocity, and m 1 is the gradient first moment. 10 The m 1 was used as the single indicator for the size and duration of the gradients used in MSDE. 5, 6 In this study, motion-sensitized gradients were employed in feet-to-head (FH) direction, and m 1 was set to 618 [mT ms 2 /m] for T 1 W and 979 [mT ms 2 /m] for T 2 W. An experienced MR scientist and technologist (M.O., M.H.) determined these m 1 values in a preliminary experiment to optimize image quality and blood signal suppression. In general, a higher m 1 value setting requires larger areas of gradient waveforms, so there are more blood signal suppression effects and preparation is longer. We used the lower m 1 value in T 1 W to minimize T 2 decay effects by keeping preparation around 15 ms. Conversely, we used the higher m 1 value in the T 2 W sequence.
A radiofrequency (RF)-and gradient-spoiled segmented 3D gradient echo (turbo field-echo, TFE) sequence with centric k-space ordering followed the iMSDE preparation (iMSDE-TFE) for data acquisition. Acquisition parameters for T 1 W were: repetition time (TR)/echo time (TE), 5.1/ 2.6 ms; acquisition bandwidth, 540 Hz/pixel; flip angle, 20°. For T 2 W, parameters were: TR/TE, 6.0/3.0 ms; acquisition bandwidth, 333 Hz/pixel; flip angle, 15°. The acquisition bandwidth used in T 2 W was smaller compared to that in T 1 W because of lower SNR by means of longer preparation in T 2 W. Consequently, acquisition TR and TE were also not identical between the 2 methods. Flip angles differed because a higher angle is appropriate for T 1 W, and a lower angle is assumed to reduce the effects of T 1 differences in general. Other common sequence parameters were: field of view (FOV), 12 © 12 cm; matrix, 176 © 176; slice thickness/ gap, 3/0 mm; number of slices, 15; turbo factor, 30; sensitivity encoding (SENSE) factor, 2; number of acquisitions, 2; oversampling factor, 2. Scan time was 9 s/slice for T 1 W and 20 s/slice for T 2 W. 
DIR-TSE sequence for T 1 W and T 2 W
In all 5 subjects, T 1 W and T 2 W DIR-TSE sequences were performed with the same FOV, slice thickness, and acquisition matrix used in iMSDE-TFE sequences. Acquisition parameters were: TR/ TE, 1000/13 ms; inversion time (TI), 600 ms; turbo factor, 7; half scan factor, 0.6; number of signal averages (NSA), one; SENSE factor, 2; oversampling factor, 2 for T 1 W, and TR/TE, 3000/50 ms; TI, 865 ms; turbo factor,12; NSA, one; SENSE factor, 2.2; oversampling factor, 2 for T 2 W. Five slices were acquired with the middle slice positioned at the center of the iMSDE-TFE imaging volume. Scan time was 17 s/slice for T 1 W and 42 s/slice for T 2 W.
MSDE image assessment
To assess the image quality of iMSDE taking into account time performance, we used SNR efficiency, SNR eff , as the indicator of image quality. 11 Considering that SNR in a SENSE scan should be calculated by measuring signal and noise in the identical location because geometry affects the noise level, which thus varies among locations, we defined the SNR as the mean signal/standard deviation in identical regions of interest (ROIs). The SNR eff was calculated as 11 :
where T S is the average scan time for each slice and was calculated by dividing total scan time by slice number. We measured the SNR eff in the spinal cord, sternocleidomastoid muscle, and submandibular gland in iMSDE-TFE and DIR-TSE and then compared the 2 sets of findings using 2-tailed paired student's t-tests. The size of the ROI was set as 46 mm 2 at the spinal cord, 46 mm 2 at the sternocleidomastoid muscle, 65 mm 2 at the submandibular gland, and 29 mm 2 at the lumen, with the size and shape chosen to cover a homogeneous area in each tissue.
To assess the efficiency of blood signal suppression, we calculated CNR efficiency, CNR eff , from SNR eff differences between muscle and lumen as 6, 8, 11 :
where SNR eff was calculated using Equation [1] for iMSDE-TFE and DIR-TSE. Although use of CNR eff is not a direct way to assess blood signal suppression effects, we chose it as the indicator of blood signal suppression because in a clinical setting, that blood-tissue contrast is more important than the blood signal level itself. Those values were compared between iMSDE and DIR sequences using 2-tailed paired student's t-tests.
We used the SNR eff and CNR eff instead of SNR and CNR to assess the sequence in this study; that is, we included scan time in the assessment. Indeed, short examination time is very important because the sequence studied is aimed at screening.
We used the signal intensity ratio (SIR) as the contrast indicator to assess tissue contrast in iMSDE-TFE because several reports use the SIR to assess plaque signal contrast. 1, 4, 12 We calculated the SIR as 1, 4, 12 :
in which S 1 and S 2 are tissue signals in the ROIs on each tissue. We measured the SIR between the spinal cord and sternocleidomastoid muscle, spinal cord and submandibular gland, and sternocleidomastoid muscle and submandibular gland and calculated the Spearman's correlation coefficient in SIR between the iMSDE and DIR sequences. All measurements were performed at the same anatomical locations for the DIR-TSE and iMSDE-TFE sequences. The average value of 5 ROIs measured in different slices in each subject was calculated for statistics. P < 0.01 was considered statistically significant. Figure 2 shows images obtained with the iMSDE-TFE sequence and the conventional DIR-TSE sequence for T 1 W and T 2 W contrasts. Figure 3 presents quantitative SNR eff comparisons for T 1 W and Fig. 4 , for T 2 W. The SNR eff of iMSDE-TFE was significantly higher than those of DIR-TSE in the spinal cord, sternocleidomastoid muscle, and submandibular gland for T 1 W and T 2 W (P < 0.01). Figure 5 presents the CNR eff between the sternocleidomastoid muscle and arterial lumen for the assessment of blood signal suppression. For both T 1 W and T 2 W, the CNR eff of iMSDE-TFE was significantly higher than those of DIR-TSE (P < 0.001). Figure 6 shows the correlation of SIR values in 5 volunteers between iMSDE-TFE and DIR-TSE. The SIR measured in iMSDE-TFE was well correlated with that measured in DIR-TSE (R = 0.92, P < 0.001).
Results

Discussion
Fast acquisition, wide anatomical coverage, and volume acquisition are the ideal features for carotid vessel wall screening, so 3D gradient echo with multi contrast acquisition is well suited for this Fig. 2 . Example image comparison between improved motion-sensitized driven equilibrium-turbo field echo (iMSDE-TFE; left side) and double inversion-recovery turbo spin-echo (DIR-TSE; right side) techniques in T 1 -weighted image (upper row) and in T 2 -weighted image (lower row). Fig. 3 . T 1 W SNR eff comparison between iMSDE-TFE and DIR-TSE. P values were calculated from the two-tailed paired student's t-tests at spinal cord (SC), sternocleidomastoid muscle (SM) and submandibular grand (SG). The star symbols indicate significant difference (*: P < 0.01, **: P < 0.001). . CNR eff comparison between iMSDE-TFE and DIR-TSE. CNR was measured between arterial lumen and sternocleidomastoid muscle. P values were calculated from the two-tailed paired student's t-tests. The star symbols indicate significant difference (**: P < 0.001).
purpose. In this work, we present the feasibility of multiple contrast fast volume acquisition using an iMSDE preparation scheme. In previous work, the steady-state free precession sequence was combined with MSDE preparation scheme. 7, 8 Because the steady-state free precession sequence is too sensitive to magnetic field inhomogeneities and susceptibility effects, especially at 3T, we chose RF-and gradient-spoiled gradient echo acquisition in this study. Fast 3D TSE acquisition can be another option for vessel wall screening in combination with iMSDE. In the future, we are considering a comparison study between iMSDE-TFE and iMSDE-TSE.
The iMSDE-TFE showed higher SNR eff than DIR-TSE at all anatomies for both T 1 W and T 2 W sequences while keeping the correlation in SIR with DIR-TSE. In addition, the CNR eff between the sternocleidomastoid muscle and artery lumen was higher for both T 1 W and T 2 W iMSDE-TFE compared to DIR-TSE. Therefore, these results indicate the potential of iMSDE-TFE to reduce scan time for both T 1 W and T 2 W while keeping appropriate tissue contrast and sufficient blood signal suppression effects. These are features that indeed make iMSDE-TFE appropriate for screening.
Our study was limited because we assessed only volunteers; clinical studies are needed to determine if the MSDE technique can be reliably applied to plaques in patients, especially to show good contrast between the different components of the plaque.
This was a preliminary study about iMSDE that focused on the development of T 1 -and T 2 -weighted 3D gradient echo sequences with appropriate contrasts while keeping scan time short. Use of 3D acquisition can also achieve thinner slices, and future work targeting thinner slice acquisition is needed to take advantage of this feature.
The SNR eff , CNR eff , and SIR comparisons were provided without directly measuring the vessel wall signal, even if that is the target anatomy in a clinical examination. However, we studied healthy volunteers whose vessel walls were too thin for precise measurement of the wall ROIs. Therefore, further clinical assessment of T 1 W and T 2 W contrasts that includes direct measurement of plaque signal in patients is required.
Because the SIR of iMSDE-TFE and DIR-TSE is strongly correlated, acquisition of similar T 1 and T 2 contrast can be expected by both sequences. However, we only measured the SIR between the spinal cord and sternocleidomastoid muscle, spinal cord and submandibular gland, and sternocleidomastoid muscle and submandibular gland. Further investigation is necessary to confirm the ability of the presented sequence to differentiate other tissues or plaque components.
Conclusion
The iMSDE sequence has similar T 1 W and T 2 W contrast as DIR-TSE, whereas scan time is reduced by a factor of 2 for the same volume coverage using a 3D acquisition. Although clinical assessment of vessel wall visualization and plaque depiction in patients is still needed, our results indicate that the iMSDE sequence may be appropriate and practical for multiple contrast 3D vessel wall imaging.
